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The magnetic behaviour of nanoparticles of antiferromagnetic artificial ferritin, with a mean Fe
loading of 410 atoms per core, has been investigated by 57Fe Mo¨ssbauer absorption spectroscopy
down to very low temperature (34mK). In previous experiments of frequency-dependent magnetic
susceptibility χ(ω) and magnetic noise S(ω) performed at 25mK in similar samples, it was claimed
that a resonance at a frequency of about 108 Hz, due to a macroscopic quantum coherent state,
had been observed. However, our search of incoherent tunnel fluctuations around 108 Hz using
57Fe Mo¨ssbauer spectroscopy, whose “window” of measurement of fluctuation frequencies lies in this
frequency range, was unsuccessful. This casts a doubt about the previous observation of macroscopic
quantum coherence in ferritin.
It was recently shown [1] that in small ferromagnetic
(FM) particles, a macroscopically large number of spins
coupled by a strong exchange interaction can coherently
tunnel through the energy barrier created by magnetic
anisotropy [2]. Similar, and even stronger, quantum ef-
fects should exist in the antiferromagnetic (AF) parti-
cles where tunneling of the Ne´el vector l must result in
a quantum superposition of AF sublattices [3–5]. Two
different situations must be distinguished: on one side,
macroscopic quantum tunneling (MQT) where the mag-
netisation incoherently tunnels through the energy bar-
rier, and on the other side, macroscopic quantum coher-
ence (MQC) where the magnetisation coherently oscil-
lates between the classically degenerate directions. Be-
cause of the AF ordering and the small size of the cores,
ferritin has been thought to be a good candidate for the
observation of these quantum effects [3–5]. The observa-
tion of a low temperature resonance around 108Hz in the
absorption spectrum of artificial ferritin with an Fe load-
ing of 1000 atoms per core [6,7] was interpreted as due
to the tunnel splitting of a macroscopic coherent state.
For particles with a mesoscopic number of spins, the
incoherent MQT fluctuation rate has the same magni-
tude as the frequency equivalent of the MQC tunnel split-
ting. Then, instead of trying to detect the MQC state,
one can search for MQT fluctuations with a similar fre-
quency. In this work, we use 57Fe Mo¨ssbauer absorption
spectroscopy, which has a “window” for measurement of
electronic fluctuation frequencies centered at 108Hz, to
search for incoherent tunnel fluctuations in a ferritin sam-
ple with a Fe mean loading of 410 atoms per core, down
to a temperature of 34mK. The mean Fe content of our
particles is lower than that of the smallest particles (1000
Fe atoms per core) where the resonance was found [6,7],
but the presence of a small, but sizeable, unscreened mag-
netic field in our experiment can be thought to preclude
the establishment of an eventual MQC state. However, a
check of the existence of incoherent fluctuations around
a frequency 108Hz in ferritin at 34mK can shed light on
the existence of a MQC state with a tunnel splitting of
similar frequency at the same low temperature.
Details about natural and artificial ferritin can be
found in Ref. [8]. Our artificial ferritin sample was pre-
pared from ferrous Mohr salt with iron 95% enriched in
57Fe in order to obtain a good signal to noise ratio in
the Mo¨ssbauer spectra. The mean iron content of 410
Fe atoms per core was checked by atomic adsorption
analysis, and the protein concentration in the solution
(10mg/ml) was determined by the Lowry method. The
mean distance between particles in the sample is about
70 nm. The size histogram, established from transmis-
sion electron microscopy (TEM) pictures, is centered at
a diameter value d0=4nm and has a lognormal mean
square deviation σ=0.18. The peak in the Zero Field
Cooled (ZFC) branch of the magnetic susceptibility oc-
curs at Tm=7.5K. Our particles have very similar mean
size and ZFC peak temperature as those refered to as 500
Fe atoms per core in Ref. [7] (d0=3.9nm and Tm=7.5K).
The 57Fe Mo¨ssbauer absorption spectroscopy experi-
ments were performed in zero field at 34mK and in the
temperature range 4.2K – 40K. The 34mK spectrum
was recorded with a spectrometer coupled to a 3He–4He
dilution refrigerator. The sample holder is a copper cell
with 0.5mm thick plexiglass windows, which can con-
tain about 1ml of solution. For the 34mK spectrum, the
particles were diluted by a factor 3 to reduce interaction
effects. Thermalisation is achieved by gluing thin sheets
of pure Al (for the spectra at and above 4.2K) or of pure
Cu (for the spectra in the dilution refrigerator) onto the
plexiglass windows. The thin metal sheets are in contact
with the bulk copper of the sample holder, thus real-
ising an isothermal box insuring a good thermalisation
of the frozen solution. In the dilution refrigerator, the
sample holder is thermally coupled to the mixing cham-
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ber through a cold silver finger. For the 34mK spectrum,
the magnetic field at the sample place, created mainly by
the magnets in the Mo¨ssbauer driving unit, was screened,
resulting in a maximum field of 0.15G.
The magnetic structure of the ferritin cores is expected
to be of AF type, with a Ne´el temperature of a few hun-
dred Kelvins. In the simplest picture of Ne´el’s model,
an AF lattice consists of two FM sublattices, which have
opposite magnetisationsM1 andM2 with the same mag-
nitude M0. The AF ordering can be characterized by the
unit Ne´el vector:
l =
M1 −M2
2M0
. (1)
At a given temperature T , the Ne´el vector fluctuates
by crossing the energy barrier created by the magnetic
anisotropy: this is the superparamagnetic relaxation. For
an axial anisotropy and for a given particle volume V , the
thermally activated fluctuation frequency for the reversal
of the Ne´el vector of a particle is given by [9,10]:
1
τ
=
1
τ0
exp(−
KV
kBT
), (2)
where K is the magnetic anisotropy energy per unit vol-
ume and τ0 a microscopic relaxation time with magnitude
10−9-10−11 s. When the thermal energy is much smaller
than the barrier height, the Ne´el vector is classically for-
bidden from crossing the anisotropy energy barrier, but it
can tunnel through it. In zero magnetic field and in the
limit of weak dissipation, a macroscopic coherent state
can be established where all the Fe3+ moments in the AF
sublattices tunnel between opposite directions in perfect
unison. The system then presents a tunnel splitting ∆
separating the antisymmetric and symmetric states built
up from the “up” and “down” configurations of the Ne´el
vector l. In the presence of a magnetic field such that
the Zeeman splitting is larger than the tunnel splitting,
the quantum coherent state is destroyed, but incoher-
ent tunnel fluctuations with frequency Γ can take place,
with reversal of the l vector (MQT). For a given parti-
cle volume V , ∆ and Γ can be expressed, in the WKB
approximation, as [11]:
∆ ≃ Γ0 exp[−
S(V )
2
] and Γ ≃ Γ0 exp[−S(V )], (3)
where Γ0 is a microscopic frequency and S(V ) is the
WKB action, proportional to V . Expressing the action in
the AF case yields a resonance frequency ∆ in the MQC
state [3]:
∆ = Γ0 exp(−
V
µB
√
χ⊥K), (4)
where χ⊥ is the AF transverse susceptibility. The
crossover temperature T ∗ between the thermally acti-
vated regime and the quantum regime, estimated as the
temperature where the rate of the thermal fluctuations
is equal to that of the MQT, then writes [3]:
T ∗ =
µB
kB
√
K/χ⊥. (5)
Estimations of T ∗ using standard values for K
(106 ergs/cm3) and χ⊥ (10
−4 emu/cm3) show that it
must be in the range 0.1 – 1K [3].
FIG. 1. 57Fe Mo¨ssbauer lineshapes in the presence of fluc-
tuations of a hyperfine field of 500 kOe as a function of the
relaxation frequency, calculated following Ref. [12].
It is well known that the electronic fluctuations fre-
quencies can be measured by Mo¨ssbauer spectroscopy if
they lie within a “ relaxation window” centered at the
hyperfine Larmor frequency 1/τL =
1
2piωhf , where h¯ωhf
is the hyperfine energy [12]. For 57Fe and a magnetic hy-
perfine field of 500kOe, 1/τL is around 10
8Hz. When the
Ne´el vector l fluctuates, the hyperfine field Hhf at the
nucleus, proportional to the individual Fe3+ magnetic
moment (and opposite to it in direction), fluctuates at
the same rate. The Mo¨ssbauer “relaxation window” in
the case of a fluctuating hyperfine field extends over two
frequency decades, from 5×106Hz to about 2×108Hz;
it is illustrated in Fig.1, which shows the evolution of
the spectrum as the fluctuation frequency 1/τ increases.
When 1/τ is above a few 108Hz, the magnetic hyperfine
structure is smeared out, 1/τ is no longer measurable,
and the spectrum is a single line or a two-line quadrupo-
lar spectrum. However, in the presence of a large distri-
bution of relaxation frequencies, as it is the case for an as-
sembly of superparamagnetic particles, one actually only
observes the patterns corresponding to two populations
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of particles, those whose Ne´el vector fluctuates with a fre-
quency higher than 1/τL (two-line spectrum), and those
with 1/τ < 1/τL (six-line spectrum).
Representative 57Fe Mo¨ssbauer absorption spectra in
the artificial ferritin sample with 410 Fe atoms per core
are shown in Fig.2.
FIG. 2. 57Fe Mo¨ssbauer absorption spectra at selected tem-
peratures in zero field in the artificial ferritin sample with a
mean Fe loading of 410 atoms per core. The solid lines are
fits to a distribution (histogram) of hyperfine fields and, at
20K, the fit includes a quadrupolar doublet.
Above 4.2K, the spectra consist of a superposition of a
six-line magnetic hyperfine field pattern, with a mean hy-
perfine field Hhf ≃490kOe, and of a two-line quadrupo-
lar hyperfine pattern (see spectrum at 20K in Fig.2).
With increasing temperature, the quadrupolar doublet
progressively replaces the six-line magnetic pattern. The
thermal dependence of the relative intensity fp(T ) of the
quadrupolar subspectrum is shown in Fig.3. It can be
calculated with the assumption of thermally activated
fluctuations according to Ne´el’s equation (2). At a given
temperature, the distribution of anisotropy barriers KV
results in a very broad distribution of relaxation times,
and a “blocking volume” Vb(T ) can be defined such that
τ = τL: Vb(T ) =
kBT
K
ln(τL/τ0). Then the “superparam-
agnetic fraction” fp(T ) is given by:
fp(T ) =
1
〈V 〉
∫ Vb(T )
Vmin
V f(V )dV, (6)
where f(V ) is the volume distribution. The experimen-
tally determined fp(T ) is well reproduced by expression
(6), as shown by the solid line in Fig.3. The fit, where the
volume distribution function determined from the TEM
size histograms was used, yields K = 5 × 105 ergs/cm3,
which is a standard value for ferric oxides. Above 4.2K,
the dynamics of the Ne´el vector is therefore well described
by thermally activated fluctuations across an anisotropy
barrier with mean value: 〈KV 〉=120K. The spectrum at
34mK, shown at the bottom of Fig.2, is essentially iden-
tical to the spectrum obtained at 4.2K. Both spectra can
be fitted with identical narrow distributions of static hy-
perfine fields. Such distributions are due to the presence
of inhomogeneities in the lattice of the ferritin cores, and
result in a spread of hyperfine field values of about 10%
on each side of the mean value (500 kOe). They give rise
to “inhomogeneous” static broadenings of the Mo¨ssbauer
lines, which remain unchanged below 4.2K. Therefore, at
34mK, all the particles have their Ne´el vector fluctuat-
ing with frequencies below the “relaxation window”, i.e.
slower than 5×106Hz.
FIG. 3. Thermal variation of the relative intensity of the
quadrupolar doublet in the artificial ferritin sample with a
mean Fe loading of 410 atoms per core. The solid line is a fit
using Eqn.(6).
Several solutions of artificial ferritin, with an iron aver-
age loading ranging from 1000 to 4000 Fe atoms per core,
were studied in Ref. [6,7]. In these studies, the chemical
process used to synthesize the samples was identical to
ours. For all the samples, a well-defined resonance was
observed below 200mK, both in the magnetic noise S(ω)
and in the imaginary part χ′′(ω) of the a.c. susceptibility,
which was attributed to the tunnel splitting associated
with MQC. The obtained resonance frequency increases
rapidly as the particle size decreases and, for the samples
with a Fe loading less than 2000 atoms, the resonance
frequency at 25mK is found to be at 108Hz or higher,
which is precisely of the same magnitude as the hyper-
fine Larmor frequency associated with 57Fe Mo¨ssbauer
spectroscopy. Therefore, if a macroscopic coherent state
could establish in the 25 – 50mK range in the ferritin
samples with the smallest Fe loading, with a tunnel split-
ting around or above 108Hz, then incoherent tunnel fluc-
tuations with a similar frequency should be observed.
Their signature in the Mo¨ssbauer spectra would be a sin-
gle line or a two-line quadrupolar pattern (see the sim-
ulated spectra at 108 and 109Hz in Fig.1), and such a
signature is absent from the 34mK spectrum. Therefore,
there are no incoherent tunnel fluctuations of the Ne´el
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vector at 34mK with a frequency around 108Hz in our
artificial ferritin sample with 410 Fe atoms per core.
Our 57Fe Mo¨ssbauer experiments were however not
performed exactly in the same conditions as the χ(ω)
experiments of Ref. [7,6]. First, the magnetic field at
the sample location is larger in our experiment (15µT
vs 1 nT). Such a field creates a Zeeman splitting between
the “up” and “down” configurations of the Ne´el vector
of the order of 106Hz per percent of uncompensated mo-
ment; this splitting is smaller than the supposed tunnel
splitting of 108Hz and is neither expected to destroy the
MQC state nor to have an influence on existing incoher-
ent tunnel fluctuations. Second, our ferritin sample has
been prepared with Fe 95% enriched in the isotope 57Fe,
which has a ground nuclear spin I=1/2, and thus a non-
zero nuclear magnetic moment, whereas the samples used
in Ref. [7,6] were made from natural Fe, where the abun-
dance of 57Fe is 2.2%. Actually, all the nuclear spins in
the sample (i.e. both the 57Fe and proton spins) can be
expected to have an influence on the tunneling properties.
In this respect, there is no great difference as to the total
nuclear spin content between our 57Fe enriched sample
and those made with natural Fe. It is generally admitted
that a MQC state is much more likely to be destroyed
by the coupling to the nuclear spins (both through dis-
sipation [13] and decoherence effects [14]) than MQT.
Concerning MQT fluctuations, recent models show that
the nuclear spins provide a “spin bath” which is likely
to enhance the tunnel relaxation rate [15,16] rather than
deplete it.
Ideally, the check for the existence of tunnel fluctua-
tions by Mo¨ssbauer spectroscopy should have been per-
formed in the same conditions as the experiments of Ref.
[6,7], i.e. in a ferritin sample prepared with natural Fe.
Unfortunately, such an experiment with small Fe loadings
would require impractically long counting times because
of the very small signal. However, the presence of nuclear
moments is not expected to influence at all the thermally
activated fluctuations of the Ne´el vector. Then, at least
down to 4.2K, the spectra of an artificial ferritin sample
with a natural Fe loading of 410 atoms per core would
be identical with that of the same sample prepared with
57Fe, as the crossover temperature to the quantum regime
is expected to lie below 4.2K for AF particle systems [3].
As the fluctuation frequencies at 4.2K in our sample are
below the Mo¨ssbauer “relaxation window” (i.e. they are
lower than 5×106Hz), then a spectrum at 34mK in a fer-
ritin sample with natural Fe loading would (if feasible)
also show that all the fluctuation frequencies are below
5×106Hz. Therefore, one can conclude that incoherent
tunnel fluctuations at a frequency 108Hz are absent at
34mK in artificial ferritin with a mean Fe loading of 410
atoms per core, implying the absence of MQC of the Ne´el
vector at that temperature.
As a conclusion, our 57Fe Mo¨ssbauer experiments in
artificial ferritin with a mean Fe loading of 410 atoms
per core down to 34mK show that, if a MQC state can
establish in ferritin cores with low Fe loading, its tun-
nel splitting cannot be in the 108Hz range. This casts a
doubt on the interpretation, in similar artificial ferritin
samples, of a resonance at a frequency 108Hz as due to
a tunnel splitting in a macroscopic coherent state [7,6].
Indeed, one then would expect incoherent tunnel fluctu-
ations to be detectable at 108Hz or above, which we do
not observe. Our data however do not exclude tunnel
fluctuations frequencies slower than 5× 106Hz, as these
would not be observable by 57Fe Mo¨ssbauer spectroscopy.
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